Conditioned taste aversion (CTA) is a form of one-trial learning dependent on basolateral 28 amygdala projection neurons (BLApn). Its underlying cellular and molecular mechanisms 29 are poorly understood, however. We used RNAseq from BLApn to identify learning-30 related changes in Stk11, a kinase with well-studied roles in growth, metabolism and 31 development, but not previously implicated in learning. Deletion of Stk11 restricted to 32 BLApn completely blocks memory when occurring prior to training, but not following it, 33 despite altering neither BLApn-dependent encoding of taste palatability in gustatory 34 cortex, nor transcriptional activation of BLApn during training. Deletion of Stk11 in BLApn 35 also increases their intrinsic excitability. Conversely, BLApn activated by CTA to express 36 the immediate early gene Fos had reduced excitability. BLApn knockout of Fos also 37 increased excitability and impaired learning. These data suggest that Stk11 and Fos 38 expression play key roles in CTA long-term memory formation, perhaps by modulating 39 the intrinsic excitability of BLApn. (149 words) 40 41 103 104
Introduction 42
Conditioned Taste Aversion (CTA) is a form of long-lasting aversive memory induced by consumption between CTA and test sessions. Group and treatment effects were significant by 118 two-way ANOVA (groups: F(3,20)=13.05; p=6E-5; treatment: F(1,20)=4.83; p=0.04; with a 119 significant interaction: F(1,20)=7.4; p=0.013). Post hoc analysis (Bonferroni corrected) revealed 120 significant reductions (p=1E-4) of saccharin consumption (training vs. test for vehicle treated, but 121 not for actinomycin-D treated mice (p=0.583). (C) Fraction of saccharin consumed (Test/CTA) 122
was significantly higher (t(10)=-3.36; p=0.007) following Actinomycin D treatment than vehicle, 123 consistent with weaker memory. (D) Treatments did not differ in water consumption measured 8 124 hours later (t(10)=0.279; p=0.794) suggesting this does not account for differences in 125 consumption during the test. **p<0.01. (E) Guide cannula was coated with fluorescent dye to 126 assess placement (Left) relative to desired location in anterior BLA (Right; bregma -1.4 mm; Allen 127 brain atlas). Note that the injection cannula extended 0.5 mm further into the BLA. 128 treatment effects and a significant interaction between the two ( Figure 1B) , and post-hoc fraction of Fos-expressing YFP-H neurons in the BLA 4 hours following CTA and found a 178 significant increase relative to lithium chloride-only and taste-only control groups ( Figure   179 2-figure supplement 1). Lacking an antibody to Stk11 usable for immunostaining of brain 180 sections, we examined Stk11 protein 4 hours following CTA and taste control conditions transcripts (histogram, averaged across both groups) are enriched for those expected in the 186 population and depleted for those expressed in other nearby populations (table) including  187 GABAergic interneurons, glia, neurons in LA or CEA; Sugino et al., 2006; Kim et al., 2016 ; Alan 188 brain atlas). Glu-GABA-, glutamatergic, GABAergic neurons; AntBLA, PostBLA-Anterior and 189 posterior portions of the BLA. TPM-transcript per million. (B) Among genes meeting robust criteria 190 for differential expression (see table 1) Stk11 and Fos were selected for further analysis, including 191
qPCR confirmation (C) in separate experiments (N=4/group; *p<0.05). 197 198 Stk11 is at the apex of the AMP-related kinase pathway and mediates its effects by 199 phosphorylating one or more of 13 different downstream kinases, all of which share some 200 homology with AMP-kinase (Lizcano et al., 2004; Shackelford and Shaw. 2009 ). Among which key exons are flanked by lox-p sites. In both cases, recombination leads to a 251 functionally null allele and analyses were carried out in homozygous ( f/f ) animals. Cre was 252 delivered by injecting AAV2/5-Camk2α::Cre-GFP into the BLA bilaterally. As expected, 
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this led to GFP expression in excitatory projection neurons, but not in BLA interneurons 254 or adjacent GABAergic neurons in the Central Amygdala (CEA; Figure 3 ,5). Animals 255 carrying the same genotypes but receiving AAV2/5-Camk2α::GFP served as controls.
256
Injections were performed 10 days prior to analysis to allow time for LOF to occur.
258
To assess the efficacy of this approach for CTA learning, we first examined the necessity 259 of Fos expression. Fos is known to contribute to multiple forms of learning and plasticity 260 (Zhang et al., 2002; Tonegawa et al., 2015) and has previously been implicated in CTA 261 (Lamprecht and Dudai. 1996; Yasoshima et al., 2006) . To first confirm effective Cre-262 mediated recombination, we tested the ability of viral Cre to prevent widespread Fos Figure 4A ,B), which exhibited no significant reduction in the amount or 280 ratio of saccharin consumed after training. Control mice exhibited significant reductions 281 consistent with a similar degree of learning to that seen in previous control experiments. 282 The differences in the consumption of saccharin during the test day were not attributable 283 to overall reduced drinking, as both group of animals consumed comparable amounts of 284 water 8 hours later ( Figure 4C ). Taken together, these results indicate that Stk11 285 expression in BLApn is essential for CTA memory.
287
Stk11 deletion prior to CTA training can potentially alter multiple memory stages including 288 memory formation and retrieval (Levitan et al., 2016b) . Because CTA memory is long-289 lasting after even a single training session, it is possible to distinguish an effect of Stk11 290 deletion on memory formation from an effect on retrieval by performing the deletion 291 immediately after training and before testing. We performed the same knockout and 292 control experiments as those described above, but altered our protocol so that Cre and 293 control viruses were injected 2 days following CTA training. Testing occurred 10 days 294 later, allowing the same period for Cre expression and recombination to occur. Since the 295 memory was being tested after a longer period (twelve days vs. two days), we used a stronger version of the CTA protocol (I.P injection of 2% LiCl instead of 1%; Figure with Cre or control viruses 10 days before CTA training and were tested 48 hours later. Despite 300 significant reduction in saccharin consumption between testing and training sessions in control 301 mice, Stk11 KO animals showed almost no learning. Two-way ANOVA revealed significant group 302 and genotype effects (groups: F(3,22)=19.29; p=0.00002; genotype: F(1,22)=23.43; p=7E-5; as 303
well as a significant interaction: F(1,22)=6.5; p=0.018). Post hoc analysis confirmed that GFP 304 injected mice (N=6) developed strong CTA indicated by the significant reductions (p=0.0001) of 305 saccharin consumption, but Cre injected mice (N=7) failed to significantly reduce their 306 consumption (p=0.259). (B) GFP controls consumed only 33% during the test, relative to training, 307
but KO mice consumed 78% and this difference was highly significant (t(11)=-4.91; p=4E-4). (C) 308
Reduced saccharin consumption does not reflect overall reduction in drinking measured 8 hours figure supplement 1).
318
Both Cre-GFP and GFP injected mice developed CTA ( Figure 4D )there was no 319 significant between-group difference in the intensity of memory, assessed from the ratio 320 of saccharin consumed during the test ( Figure 4E ). Since the same deletion produces a 321 profound effect when occurring prior to training, this suggests that deletion of Stk11 from 322 BLApn does not affect the retention and retrieval of CTA memory, provided memory was 323 already formed prior to performing the knockout. This argues that Stk11 is required for 324 CTA memory formation.
326

Stk11 deletion does not impact basal aspects of taste behavior 327
Since Stk11 deletion must occur prior to CTA training to have an effect on learning, we 328 needed to rule out the possibility that its effect on memory came via disruption of either 329 the responsiveness of BLA neurons to training stimuli, or the output of BLA neurons, 330 which is known to be required for palatability coding within GC.
331
To assess the responsiveness of BLA neurons to training stimuli, we asked whether 
336
A more rigorous test of BLA function is to determine whether palatability coding in the GC 337 is intact following knockout, since this is known to depend on intact output from the BLA The both groups rise steeply between 800-1000 ms with no significant difference between genotypes 377 (F(1,133)=0.13, p = 0.72) or interaction (p =0.99). be seen for some points. Less current is needed to evoke firing in Stk11-KO neurons compared 403
to Stk11-WT neurons (interpolated rheobase, F(1,64) = 10.63, p = 1.8e-3). The F-I slope is larger 404
for Stk11 knockout neurons (F(1,64) = 23.47, p = 8.4e-6). (C) Stk11-KO neurons have increased 405 input resistance (F = 14.41, p = 3.3e-4) and decreased threshold for generating action potential 406
(F = 7.68, p = 7.3e-3). Traces are sample responses to 300 pA current steps. Scale bar: 100 ms, 407 20 mV. 408 neurons for any given amount of current input resulting in a steeper slope of the firing rate (i.e. the rheobase was lower; Figure 6C ). This reflected a higher resting input resistance 411 and a slightly lower voltage threshold. Some other electrophysiological properties also 412 differed (see Table 4 ) including sag ratios, action potential amplitudes, and the medium 413 and slow afterhyperpolarizations, while others, such as the degree of firing rate 414 accommodation, spike widths and resting membrane potentials did not. Thus, Stk11 415 deletion from BLApn neurons increases overall intrinsic excitability, most likely by 416 affecting multiple biophysical properties of these neurons.
418
Since Stk11 and Fos deletion both impair CTA learning, we wondered whether Fos 419 deletion also increases the intrinsic excitability of BLApn. Analysis of a smaller sample of 420 Fos KO neurons (n=11) revealed a similar increase in firing relative to control neurons 421 (n=11; Figure 7A-B) . Two-way ANOVA indicated a significant effect of genotype (in experiments. Two-way ANOVA reveals that neurons from CTA animals have lower input 462 resistance than those from control animals (F(1,65) = 10.26, p = 2.1e-3) and that Fos + neurons 463
have lower input resistance than Fosneurons (F(1,65) = 23.64, p = 7.5e-6). Post-hoc tests show 464 that among Fos + neurons, neurons in CTA animals have lower input resistance (p = 0.015), while 465
among Fosneurons, there was no significant difference between CTA and control animals (p = 466 0.1). Differences between Fos + and Fosneurons did not reach post-hoc significance in either the 467 CTA (p = 0.25) or control animals (p = 0.12) considered alone. Feng et al., 2000; Sugino et al., 2006; Jasnow et al., 2013; McCullough et al., 2016) and 505 we found that many of these neurons express Fos protein (Figure 2-figure supplement 1) 506 and that many project to GC ( Figure 5A The results of Fos KO selectively in BLApn clarify those obtained in earlier studies 518 addressing the role of Fos in CTA learning. In these studies, Fos was manipulated with 519 infusion of antisense oligonucleotides (Lamprecht et al., 1996; Yasoshima et al., 2006) or 520 via global Fos knockout (which had no effect on CTA; Yasoshima et al., 2006) , and loss 521 of memory was attributed to inhibition of Fos in central amygdala (Lamprecht et al., 1996), 522 or to loss in the amygdala as a whole, along with the GC (Yasoshima et al., 2006) . In 523 contrast, we show here that knockout restricted to BLApn is sufficient to impair memory.
524
The requirement for new transcription of Stk11 is less certain since this transcript is 525 presumably less transient than that of immediate early genes. The issue is also unclear 526 because we found that, at the time points measured, the transcript in profiled cells was 527 decreased, while in anatomically sub-dissected portions of BLA, Stk11 protein was 528 increased. Improved temporal and spatial mapping of transcript and protein levels will be 529 required to understand the nature of the discrepancy. Despite this uncertainty, confirmed hypothalamus (Xi et al., 2018; Fei-Wang et al., 2012; Claret et al., 2011) . Given the ability 548 of hypothalamus to encode taste palatability and its connectivity with gustatory cortex (Li 549 et al., 2013), it is tempting to speculate that the role of Stk11 signaling pathways in feeding 550 may be functionally related to its role in gustatory learning. Further studies will be needed 551 to distinguish whether the involvement of Stk11 in memory is specific to forms of learning 552 regulating consumption, and whether its role is confined to the basolateral amygdala, or 553 operates in the neural substrates of learning and memory in other structures as well.
554
Stk11 is a master kinase that regulates the kinase activity of 13 downstream AMP-related 555 kinases by phosphorylating them (Lizcano et al., 2004) . While the phosphorylation of including CTA (Ma et al., 2011; Koh et al., 2002; Koh et al., 2003) . Thus, Stk11 might 569 exert its effect on CTA memory via activation of the BDNF and/or PKA signaling pathways 570 in BLApn.
571
We found that deletion of Stk11 profoundly impaired memory when it occurred prior to Hyperpolarization activated sag was measured from responses to -100 pA current steps.
761
Action potential threshold, amplitude, afterhyperpolarization (AHP) and full width at half-762 height were averaged from the 5th-10th action potentials in trials with 10 to 20 Hz firing 763 rates. Action potential threshold is the membrane potential at which the slope first 764 exceeds 10 V/s. Amplitude was the difference between the peak value and the threshold 765 value of the action potentials. Sag ratio is defined as the ratio between maximum voltage 766 and steady-state voltage change with the negative current input. Medium AHP was 767 measured as membrane potential hyperpolarization after the action potentials mentioned 768 above compared to the action potential threshold. The slow AHP was measured from the 769 peak hyperpolarization following positive current steps generating 10-20 Hz firing.
770
In-vivo recording of GC taste responses 771
Surgery: Stk11 f/f mice were anesthetized and prepared for stereotaxic surgery and viral 772 infection as above. Each mouse was also implanted bilaterally with multi-channel 773 electrode bundles (16 formvar-coated, 25-µm diameter nichrome wires) in GC (1.2 mm 774 Anterior and 0.4mm posterior to Bregma, 3 mm lateral) and a single intraoral cannula 775 (IOC; flexible plastic tubing) was inserted into the cheek to allow controlled delivery of 776 tastes. Electrode bundles were lowered to -2.25 mm and then further lowered by 0.25-777 0.5 mm to reach dorsal GC, and 0.75-1.00 mm to reach ventral GC (see Figure 5A ). 
